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WELL LOCATION SYSTEM
The Rectangular Survey System for the subdivision of public lands was used in this study to 
INTRODUCTION

Background of the Study
This study aimed to model the relationship between precipitation and the appearance of Holgate Lake. To model the interactions in the Portland Basin at Holgate Lake, this study used MODFLOW-NWT coupled with ModelMuse, a graphical user interface supporting simple implementation of user-specified components qualifying subsurface hydrodynamics. 
Problem Definition
Holgate Lake is an ephemeral lake located in southeast Portland. Since record keeping began in the 1940s, the lake has appeared intermittently and flooded surrounding residential areas. (Williams et al. 2010) 
Model Selection
This study employed MODFLOW-NWT to model surface-subsurface interactions. relative to groundwater levels from the three wells in proximity to the lake and relative to the surface-water level of the lake. The lake typically appears in early winter and returns to a dry lakebed by midsummer. Holgate Lake surface-water level follows a similar trend to groundwater levels from the three local wells. (1999) (2000) (2001) (2002) (2003) (2004) of Holgate Lake, in wells in proximity to Holgate Lake, and precipitation at Holgate rain gage
MODFLOW-NWT is
Climate
The study area has a temperate marine climate, and is characterized by mild, wet winters and warm, dry summers. The mean annual minimum and maximum air temperatures over the basin area are 6.17° C and 16.89° C, respectively. Approximately 70 percent of the annual precipitation occurs between November and March, with less than 10 percent falling between July and September (Lee and Snyder 2009 ). Average annual precipitation over the area is 48.7 inches (USGS StreamStats). Evapotranspiration is estimated to range from 15 to 16 inches per year in the aquifer system (Woodward et al. 1998 ).
Physiography
The study area is a topographic depression located at the western foothill of 
Geology
The study area is located in the Portland Basin, which is part of the Willamette Basin (Figure 8 ). This report adapts the geology of the Portland Basin as studied by Swanson et al. (1993) . (Conlon et al. 2005) Figure 9: Geology of Portland and adjacent areas (Trimble 1963) 
Older Rocks
Older rocks underlie the Portland Basin and form outcroppings at the basin's west, north, and east extents. The older rocks are primarily composed of the Skamania Volcanics and the Columbia River Basalt Group. The older rocks form an extensive bedrock unit that generally has poor water-bearing characteristics. The thickness of this group is estimated to range from 0 to over 700 feet, with a maximum thickness of approximately 1000 feet.
Sandy River Mudstone and Troutdale Formation
The Sandy River Mudstone and the Troutdale Formation comprise the oldest sediments found in the Portland Basin. Sandy River Mudstone is composed of mudstone, siltstone, sand and claystone. The formation is generally located immediately above the older rocks of the basin, and extends to thicknesses up to 1400 feet. The Troutdale Formation is made of quartzite conglomerate and glassy sandstone. The formation is typically found above the Sandy River Mudstone, and it is considered a significant water-bearing unit in the Portland
Basin. The Troutdale Formation varies in thickness from 75 feet to 400 feet.
Cascade Range Volcanics and Boring Lava
The Cascade Range volcanics and Boring Lava form boundary conditions for the Portland Basin and create local features, including the Portland Hills. The Cascade Range volcanics are upwards of 3000 feet thick. The Boring Lava unit is upwards of 400 feet thick.
Late Pliocene to Holocene Sediments
The majority of the Portland Basin is composed of Cascadian volcanic conglomerate, 
Hydrogeology
The hydrogeology of the study area is delineated by its aquifers and confining units. 
Confining Unit 2
Confining unit 2 is composed of clay and silt with striations of sand. The unit ranges in thickness from 200 feet to over 800 feet. The sand lenses can be used as water supply when other more permeable units are not available. The unit limits vertical flow in the aquifer and acts as a partial confining unit.
Troutdale Sandstone Aquifer
The Troutdale sandstone aquifer is made up of glassy sandstone and conglomerate with small areas of sand and silt. The unit ranges in thickness from 100 to 200 feet, and may extend to 400 feet in some areas. It is a significant aquifer unit, and is the main groundwater supply source for the Portland well field. It can produce upwards of 2500 gallons per minute. Figure 10 : Relationship between the geology and hydrogeology in the Portland Basin (Conlon et al. 2005) 
SYSTEM SERIES GEOLOGIC UNITS
HYDRO-GEOLOGIC UNITS
Confining Unit 1
Confining unit 1 is composed of sand, silt, and clay. It is typically under 200 feet thick. In some areas, the sand content can yield water supply for domestic use; however, the unit has low permeability and is generally not used as a water source.
Troutdale Gravel Aquifer
The Troutdale gravel aquifer is a consolidated gravel aquifer that is primarily made of cemented and sandy conglomerate with some lavas. The unit typically ranges from 100 feet to 400 feet thick, though can reach thicknesses of 800 feet in areas with lavas. The aquifer acts as an important water supply source for public, industrial, and domestic use with production capable of reaching 1000 gallons per minute.
Unconsolidated Sedimentary Rocks
The uppermost unit in the study area is the unconsolidated sedimentary aquifer. This unit extends to the ground surface over the entire study area with the exception of Kelly Butte and Powell Butte, which are part of the Troutdale gravel aquifer. The unit is predominantly composed of catastrophic flood deposits and stream deposits. The unit ranges in thickness from 50 to 100 feet, with some areas extending to 300 feet. It is the most productive waterbearing unit in the Portland Basin, and is capable of yielding up to 10,000 gallons per minute. 
Data Collection
The model simulated the 318-day period from June 14, 1999 to April 26, 2000. Precipitation data was collected from City of Portland's HYDRA rainfall network. The Holgate rain gage at 4507 SE 136 th Ave, located approximately 1000 feet from the study area, was selected based on its proximity to the study area. Temperature data was obtained from the National Centers for Environmental Information (NCEI). Daily maximum and minimum temperatures for the 318-day model run were requested for the Portland Weather Forecast Office, which is located approximately 5 miles from the study area. Missing daily temperature records were obtained from the Portland International Airport daily summaries. Groundwater level data was collected from the National Water Information System for nine wells within the study area. Surface-water level data was also collected from the National Water Information System for Holgate Lake and Johnson Creek at Sycamore, Oregon. Land use data was collected from the U.S. Geological Survey StreamStats application. Hydrogeological data was obtained from borehole logs compiled by Swanson et al. (1993) . Aquifer parameters were adapted from Morgan and McFarland (1996) and Conlon et al. (2005) .
Data Processing
Hydrologic parameters provide the initial inputs into hydrological models. This study utilized precipitation and temperature data from City of Portland's HYDRA rain network and NCEI, respectively.
Precipitation
Precipitation data was obtained from the Holgate rain gage, located at 4507 SE 136 th Ave.
The gage was in operation from August 1998 to February 2012 with hourly data provided over the duration of its operation. Daily totals were calculated for the 318-day model run.
Precipitation at the Holgate rain gage was assumed to be representative for the entire model domain.
Figure 11: Precipitation from Holgate rain gage and daily temperature from the Portland Weather Forecast Office
Potential Evapotranspiration Estimation
Evapotranspiration plays an important role in the hydrologic system and impacts both the unsaturated and saturated zones of subsurface systems. Evapotranspiration rates are a function of soil moisture and depth to water In the Hargreaves method (Equation 1), ETo is the potential evapotranspiration (mm/day),
Ra is the total incoming extraterrestrial solar radiation (MJ/m 2 day), TC is the daily mean air temperature in Celsius, and TR is the difference between the daily maximum air temperature and the daily minimum air temperature. The total incoming extraterrestrial solar radiation was estimated using the solar constant, solar declination, and time of year (Equation 2) =
[ sin sin + cos cos sin ]
Equation 2 where Gsc is the solar constant (0.082 MJ/m 2 min), dr is the inverse relative Earth-Sun distance, ωs is the sunset hour angle, φ is the latitude in radians, and δ is the solar declination.
The calculated Hargreaves potential evapotranspiration was modified using the cropcoefficient approach to estimate the potential evapotranspiration values for the model inputs (Farg et al. 2012 ).
= * Equation 3
where PET is the model input potential evapotranspiration and Kc is the crop coefficient. The land cover of the study area was used to estimate the crop coefficient as 0.93. This accounts for a weighted average of the forested and grass covered areas in the study area. 
Interception
Interception describes the amount of precipitation that does not infiltrate into the subsurface. It is commonly defined as the amount of precipitation that is intercepted by vegetation. Interception is a function of numerous parameters including vegetation type, time of year, and storm intensity and was reported to equal approximately 24 percent for the study area (Rothacher 1963) . A single interception percentage was assumed to be representative of the entire 318-day model run.
Infiltration
The infiltration rate was calculated as the difference between daily precipitation and interception. The UZF package converts infiltration rate into water content. When the infiltration rate input exceeds the saturated hydraulic conductivity, the UZF package sets the water content to the saturated water content (Niswonger et al. 2011 ).
Conceptual Model
A conceptual model is a synthesis of site information that is used to generate a simplified representation of a groundwater system (Anderson et al. 2015) . Generally, as the conceptual model more closely approximates field conditions, the likelihood of generating reasonable outputs from the numerical model increases. The conceptual model for the study area considered hydrogeologic units, aquifer parameters, hydrologic parameters, and model boundaries.
Hydrogeologic units
The conceptual model of the study area was adapted from Swanson et al. (1993) . The bore log data for well 01/02E-14ABC was considered as representative of the study area. The study area was defined by a five layer model as outlined in Table 1 . 
External and internal model physical boundaries
Boundary conditions impact the movement of groundwater in the model and are considered an essential component of the model system (Franke et al. 1987) . In this study, two types of boundary conditions were utilized: internal and external physical boundaries. where C is the conductance, K is the hydraulic conductivity of the river bed material, L is the length of the river reach, W is the width of the river, and M is the thickness of the riverbed.
The hydraulic conductivity of the river bed material was assumed to be consistent with the Troutdale gravel aquifer.
The external physical boundaries were considered to be consistent with the model domain boundaries. A default no-flow boundary condition was assigned to the model domain boundaries.
Numerical Model
General Concepts
Numerical modeling simulates groundwater flow using two general methods: steady-state and transient flow conditions. Under steady-state conditions, aquifer storage capacity does not change over time, while the converse is true under transient conditions. The three dimensional continuity equation is used to describe flow in the subsurface system.
Under steady-state conditions, ℎ = 0.
Under transient conditions,
where Kn is the hydraulic conductivity in the n direction, h is the total head, W is a source/sink term, S is storage capacity, and t is time.
Software Selection
This The UZF package requires evapotranspiration demand, infiltration rate, extinction depth, and extinction water content input parameters for each stress period. Evapotranspiration demand and infiltration rate were estimated as described previously (see sections 2.3.2 and 2.3.3). The parameters were assumed to be consistent for each day of each month. Stress periods were defined on a calendar month basis for a total of 11 stress periods over the 318-day simulation. Extinction depth describes the lower limit of evapotranspiration. In this study, extinction depth was assumed to be consistent with the maximum root depth. The Gridded Soil Survey Geographic database was used to estimate the extinction depth at a depth of 5 feet. The extinction depth was assumed to be consistent throughout the model domain. The extinction water content describes the lower limit of water content for evapotranspiration, which is the field capacity of the unsaturated zone. The extinction water content was estimated as 0.2.
Grid design
The model was constructed using a uniform grid design measuring 3 miles by 2 miles. The grid design was consistent with the rectangular survey system. The study area covered T01S R02E sections 10 through 15. The grid was composed of 105 rows and 160 columns. It was aligned with geographic referencing in ModelMuse using EPSG 3855.
Structural Model
The model top was defined using the three feet Lidar digital elevation model (DEM) for the Portland metropolitan area (Figure 13 ). This dataset was obtained from the Center for Spatial Analysis and Research in the Geography Department at Portland State University.
Five different layers define the model and represent the hydrogeologic units. The model layers were defined using borehole logs from well 01S/02E-14ABC. 
Driving Forces
The driving forces of a model are parameters that affect change in model outputs. Driving forces in this study include precipitation, interception, infiltration, and potential evapotranspiration.
System Parameterization
This study used the UZF package, the Upstream Weighting package, and the Drain package.
The Upstream Weighting package was used to define the horizontal and vertical conductivities, specific storage, and specific yield. The UZF package selected the unconsolidated sedimentary rock layer as the recharge and discharge location for the model (NUZTOP) with vertical hydraulic conductivity specified (IUZFOPT). The model was set to simulate evapotranspiration ( where K(θ) is the unsaturated hydraulic conductivity as a function of water content, Ks is the saturated hydraulic conductivity, θr is the residual water content, θs is the saturated water content, and ε is the Brooks-Corey epsilon (Niswonger et al. 2006 ).
The maximum unsaturated vertical hydraulic conductivity was set at 2 feet/day based on the assumed parameters of the unconsolidated sedimentary rock layer. The initial unsaturated water content was set at 0.3. The saturated water content was assumed equivalent to porosity, and a value of 0.31 was assumed (Snyder et al. 1996) . Hydraulic conductivity and storage values were adapted from Morgan and McFarland (1996) and Conlon et al. (2005) as defined in Table 2 . The hydraulic conductivities in the unconsolidated sedimentary rock layer ranged from 1 ft/d to 282 ft/d (Figure 14 ). Values were estimated for each section as defined by the rectangular survey system in combination with maps adapted from Morgan and McFarland (1996) . 
State Variables
This study utilized groundwater heads from nine wells as state variables. The observed hydraulic heads at nine wells in the study area from June 14 th , 1999 were used to calibrate the model (Figure 15 ). 
Error Assessment and Groundwater Heads
The root mean square error (RMSE) was used to assess the model outputs where n is the number of observations, Hobs is the observed head, and Hsim is the model-simulated head (Equation 7).
Equation 7 The total RMSE for the base model equaled 17.37 for the observations at well 01S/02E-14ABC and well 01S/02E-14BAD. The residuals ranged from -53.89 feet on day 8 to 5.80 feet on day 295 for the two wells ( Figure 19 ). The residuals were analyzed relevant to the order in which the data were collected. The broad range in residuals and evident trend observed in the residual vs. order plot indicates error in the model. The visible trend shown in Figure   19 indicates serial correlation. The error terms are not considered independent and suggests that the model can be improved upon. 
observed heads at well 01S/02E-14ABC and well 01S/02E-14BAD for the 318-day model run
The data was then considered by dividing the model into two analysis periods: day 1 to day 150 and day 150 to day 318. The two analysis periods were selected based on the slope change observed in Figure 20 . For the day 1 to day 150 analysis, the R 2 was 0.98 for well 01S/02E-14ABC and 0.14 for well 01S/02E-14BAD (see Figure 21 ). data collected by USGS and City of Portland from well 01S/02E-14BAD, a test well located in the lakebed of Holgate Lake. The observed heads collected over the 318-day period were above the lake bed level for 18 of the 43 days under analysis at well 01S/02E-14BAD. The simulated heads modeled during the 318-day period were above the lakebed level for 28 of the 43 days under analysis. In months with less precipitation, the model had stronger correlation to the observed heads. However, the simulated heads were initially significantly greater than the observed heads ( Figure 32 ). As the model run progressed, the simulated heads fell below the level of the observed heads. The model was more sensitive to aquifer parameters than hydrologic parameters. As modeled, this suggested that the appearance of Holgate Lake was more strongly influenced by hydraulic conductivity and storage capacity than infiltration and precipitation. The model exceeded flood levels during the warmer, drier months, and returned to a dry lakebed by late fall. This is opposite of the observed trend at Holgate Lake. The lake has been observed to appear in early winter each year and dry out by midsummer.
Recommendations
This study incorporated numerous simplifying assumptions to facilitate analysis. It is important to understand the significance of each simplifying assumption. The hydrogeology of the study area was based off of borehole data from a single well. In future analyses, it would be beneficial to consider changes in hydrogeology throughout the study area. The model showed sensitivity to changes in hydraulic conductivity and storage capacity. These parameters are impacted by hydrogeology. It is reasonable to assume that a more complex rendering of the study area hydrogeology would impact model results.
The boundary conditions used in the model were no-flow boundary conditions at the model domain borders and a head-dependent flux boundary. The no-flow boundary condition inhibits the natural groundwater gradient. In future studies, it would be beneficial to expand the study area in order to include physical boundary conditions such as the Willamette River and the Portland Hills. Physical and hydraulic features could be extracted from a regional scale model and used as boundary conditions at the local scale. The influence of Johnson
Creek was assumed to be constant throughout the duration of the model. In future studies, it would be beneficial to include seasonal fluctuations in conductance for Johnson Creek.
The model should be properly calibrated. The model did not include a steady-state calibration period. In future studies, the model should be calibrated under steady-state conditions. After calibration under steady-state, the model should be run under transient conditions and re-calibrated. The inconsistencies between observed and simulated heads indicate calibration error. Observed heads from a single day were used in an effort to calibrate the model. Additional data over a longer temporal and spatial domain should be employed in future studies to improve model performance.
The model assumed that precipitation could be captured by infiltration inputs using the Hargreaves Method. In future studies, it would be beneficial to use a surface water model to capture precipitation inputs. The surface water model could then be coupled with the groundwater-flow model to better capture surface -subsurface interactions.
Once the model is calibrated and the impact of simplifying assumptions is better understood, the model could be used to assess flood risks in the Holgate Lake area. The model could be run under climate change scenarios. The results of the model could be used to support various groundwater management scenarios and development of local infrastructure. The simplified model used in this analysis lacks sufficient detail to accurately characterize changes in flood risk.
